We aimed to investigate the relationship between the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway and the radiation tolerance of patients with head and neck squamous cell carcinoma (HNSCC). From January 2015 to January 2016, 117 patients with HNSCC were enrolled in our study and assigned into the sensitive and tolerance groups based on curative effect. Immunohistochemistry (IHC) was conducted to measure protein expressions of Nrf2, heme oxygenase-1 (HO1), NADPH quinine oxidoreductase 1 (NQO1) and glutathione S-transferase (GST). Human squamous cell carcinoma cell line, HSC-4, was induced by radiation to construct the HSC-4-radiation resistance (RR) cell line. HSC-4 and HSC-4-RR were also assigned into the blank, negative control (NC) and Nrf2 siRNA groups. Cell Counting Kit-8 (CCK-8), quantitative real-time polymerase chain reaction (qRT-PCR) and Western blotting were employed to detect cell viability, mRNA expression and protein expression, respectively, of Nrf2, HO1, NQO1 and GST. A total of 40 nude mice were equally assigned into the untreated, Nrf2 siRNA, radiation therapy (RT) and RT + Nrf2 siRNA groups. Compared with the sensitive group, patients in the tolerance group had upregulated Nrf2, HO1, NQO1 and GST expressions. HSC-4-RR cell line had improved cell viability and higher protein and mRNA expressions of Nrf2, HO1, NQO1 and GST compared with HSC-4 cell line. Compared with the HSC-4-NC and HSC-4-blank groups, the HSC-4-Nrf2 siRNA group had downregulated cell viability. Compared with the HSC-4-RR-NC and HSC-4-RR-blank groups, the HSC-4-RR-Nrf2 siRNA group had lower cell viability. However, the HSC-4-RR-Nrf2 siRNA group had elevated cell viability than the HSC-4-Nrf2 siRNA group. Tumor volume and tumor weight in the RT and RT + Nrf2 siRNA groups decreased evidently. The RT + Nrf2 siRNA group exhibited decreased tumor volume and tumor weight in comparison with the RT group. Our data demonstrated that downregulation of HO1, NQO1 and GST via inhibiting Nrf2 signaling pathway reduces the radiation tolerance of patients with HNSCC.
Introduction
Head and neck squamous cell carcinoma (HNSCC), known as a morbid, common and frequently lethal malignancy, ranks the sixth most frequent non-skin cancer around the world, with a prevalence of 600,000 cases each year. 1 Most of the patients are in the age range of 50-70 years, but the occurrence of this cancer could also be detected in older patients. 2 The classic risk factors for HNSCC are alcohol consumption and tobacco use, while it is also associated with the infection of high-risk types of human submit your manuscript | www.dovepress.com
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Wang et al papilloma viruses (HPVs). 3 The most commonly used treatments include surgery, radiation and chemotherapy, with/ without both biological and targeted therapies in which cooperation between different specialists is required. 4 The outcome of patients with HNSCC who present a more advanced stage is extremely poor, with a 5-year survival rate of only 30%. 5 Meanwhile, conventional treatments often lead to side effects that could affect normal physiological functions, such as swallowing, speech and physical appearance. 4 Accordingly, radiotherapy has become a commonly accepted alternative for HNSCC treatment. 6 Unfortunately, some patients with HNSCC develop chemo-and radioresistance, and only 50%-60% of them treated with radiation and chemotherapy are cured of their disease. 7 According to a recent research, the 1-, 2-and 3-year overall survival rates in 26 cases of patients with advanced HNSCC treated by intensity-modulated radiotherapy were 76%, 61% and 47%, respectively. 8 Radiation therapy (RT) in the treatment of HNSCC remains ineffective, and new strategies are in urgent need.
Nuclear factor erythroid 2-related factor 2 (Nrf2) acts as a significant transcription factor regulating the antioxidant response through inducing the gene expressions to bear an antioxidant response element (ARE) in regulatory regions. 9 Due to the tight regulation by Keap1, Nrf2 is ubiquitously expressed at low constitutive levels in all human organs, which is a substrate adaptor protein for the Cullin3-based E3 ubiquitin ligase. 10 It is reported that many Nrf2 target genes, such as drug transporters, conjugating enzymes and drug-metabolizing enzymes, play an important role in the determination of drug response and resistance. 11 Moreover, Nrf2 could also regulate many genes except for the classic cytoprotective ones, especially in terms of cell differentiation and proliferation. 12 Nrf2 signaling pathway is considered the most crucial pathway in the cell for the protection of cells against oxidative stress. 13 Moreover, the Nrf2 signaling pathway has several protumorigenic effects, including promotion of metabolic activities and inhibition of apoptosis that support cell proliferation and radioresistance. 14 Previous studies have demonstrated that elevated Nrf2 leads to the poor prognosis of squamous cell carcinoma and downregulation of Nrf2 contributes to sensitivity restoration to oxidative stress and chemotherapy. 15, 16 An increase in Nrf2 expression is found in ~91.5% of tumors, and Keap1, which regulates Nrf2 expression is frequently elevated in HNSCC tumors compared with the normal mucosa, thus making Nrf2 a potential biomarker candidate for the diagnosis and prognosis of HNSCC. 17 However, few studies have focused on the concrete mechanism of Nrf2 signaling pathway in the radiation tolerance of HNSCC. Therefore, the aim of this study was to explore the role of Nrf2 signaling pathway in the radiation tolerance of patients with HNSCC to achieve a more effective treatment strategy.
Materials and methods ethics statement
All patients were informed about the procedures and signed an informed consent. The study was approved by the ethics committee of Qilu Hospital of Shandong University. 
Evaluation of RT efficacy
According to the World Health Organization's (WHO) criteria for the evaluation of efficacy of solid tumors, 19 the efficacy of RT in patients with HNSCC was evaluated 2 months later, and the patients were then divided into groups of complete remission (CR; 18 cases), partial remission (PR; 30 cases), stable disease (SD; 30 cases) and progression disease (PD; 42 cases). CR + PR was deemed to be sensitive to RT and assigned into the sensitive group (48 cases), while SD + PD was considered to be insensitive to RT and assigned into the tolerance group (69 cases).
immunohistochemistry (ihc)
The tissue samples of patients with HNSCC were embedded with conventional paraffin with the continuous slice 
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nrf2 signaling pathway in the radiation tolerance of hnscc patients thickness of 4 μm. The anti-rabbit Nrf2 antibody (1:200; ab62352; Abcam Inc., Cambridge, MA, USA), the anti-rabbit heme oxygenase-1 (HO1) antibody (1:800; ab13248; Abcam Inc.), the anti-rabbit NADPH quinine oxidoreductase 1 (NQO1) antibody (1:800; ab34173; Abcam Inc.), the anti-rabbit glutathione S-transferase (GST) antibody (1:800; ab19256; Abcam Inc.), biotin-goat anti-rabbit IgG and diaminobenzidine (DAB) were all purchased from DAKO (Glostrup, Denmark). The slices were sealed with bovine serum albumin (BSA) after dewaxing, added with primary antibody, placed at room temperature for 1 h, added with secondary antibody, stained with DAB and then re-dyed with hematoxylin. After the differentiation of hydrochloric acid and alcohol, the slices were processed by dehydration, transparentization, mounting and microscopy. After the experiment, the double-blind method was employed to evaluate the results; two pathologists completely unaware of the clinical data of patients independently observed each tissue slice a few times, and yellow or brown yellow granules that appeared in the tumor tissue was considered to be positive expression. A total of 1,000 cells were randomly selected from each slice in the six fields of view under the microscope, and the percentages of Nrf2, HO1, NQO1 and GST protein-positive cells were counted.
human squamous cell carcinoma (hsc-4)-radiation resistance (rr) cell line preparation
The cervical lymph node metastasis in the HSC-4 cell lines of HNSCC used in our study was preserved in liquid nitrogen. After recovery, the HSC-4 cells were subcultured at 37°C in a 5% CO 2 constant temperature incubator with culture medium of minimum essential medium (MEM) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin and streptomycin. During the subculture, the cells were screened with puromycin at a final concentration of 2 μg/mL. The cell lines with radiation tolerance were prepared, and then radiation induction was performed. The cells then had conventional irradiation of 2 Gy/day with continuous irradiation for 15 days, and the morphology of the cells under the microscope was observed. The screened radiation-tolerant cell line, HSC-4-RR, was used for further experiment.
cell transfection
Nrf2 siRNA and the negative control (NC) plasmid fragments were purchased from Qiagen (Hilden, Germany). Invitrogen Lipofectamine 2000 (Lipo2000; Invitrogen, Inc., Carlsbad, CA, USA) was used to transfect HSC-4 and HSC-4-RR cells.
The cells were seeded into 96-well culture plates, with 5,000 cells in each well. These cells were divided into three groups: the blank group, the negative control (NC) group and the Nrf2 siRNA group (each group had five replicates). Solution A (25 μL serum-free MEM added with 200 ng Nrf2 siRNA or NC plasmid) prepared in the eppendorf (EP) tube was gently shaken to mix well, and solution B (25 μL serum-free MEM) was added with 0.15 μL Lipo2000. The mixture of solution A and solution B was placed at room temperature for 15 min, and then the mixture was added into the wells and placed in an incubator at 37°C for 72 h.
cell counting Kit-8 (ccK-8) assay Quantitative real-time polymerase chain reaction (qrT-Pcr)
qRT-PCR was used to detect mRNA expressions of related proteins in Nrf2 signaling pathway in HSC-4 and HSC-4-RR cells. The cells seeded in the 96-well plates were scratched off. Each well was added with 1 mL Trizol and was shaken thoroughly. The mixture was placed for 10 min, added with 200 μL chloroform and shaken for 10 s. Then, the suspension was centrifuged at 12,000× g for 5 min at 4°C. The supernatant was obtained. The cells were added with 200 μL avantin, shaken to obtain a homogeneous mixture, placed for 10 min and centrifuged at 12,000× g for 10 min at 4°C. The supernatant was abandoned. The cells were added with 1 mL 75% ice ethanol, gently washed and centrifuged at 12,000 g for 10 min at 4°C, and the supernatant was again abandoned. After the liquid in the tube was dried, diethyl pyrocarbonate (DEPC) was added to dissolve the precipitation for 15 min. The absorbance of RNA was detected for its concentration. The reaction system of PCR process was as follows: 1 μL cDNA, 1 μL each of the upstream and downstream primers, 10 μL mixture and 8 μL DEPC. The reaction conditions were: at 94°C for 5 min, at 94°C for 30 s, annealing for 30 s, at 72°C for 1 min, repeated for 35 cycles, and at 72°C for 5 min. The primer sequences are shown in Table 1 .
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Western blotting
The cells were scratched off from ice, and centrifuged at 3,000× g at 4°C. Protein was cleaved using radioimmunoprecipitation assay (RIPA) lysis buffer in the tube at a ratio of 1:5, placed in the refrigerator at 4°C for 1 h, and centrifuged at 10,000× g/min for 10 min in the cryogenic centrifugal machine. The supernatant was transferred to the new EP tube for storage. Bicinchoninic acid (BCA) kit (Univ-bio, Shanghai, China) was used to determine the concentration of protein.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used for the 50 μg total protein at 70 V for 120 min. The protein was transferred to polyvinylidene fluoride (PVDF) membrane and sealed for 1.5 h at room temperature with 5% dried skimmed milk. Nrf2 antibody (1:100, ab62352; Abcam, Inc.), HO1 antibody (1:1,000, ab13248; Abcam, Inc.), NQO1 antibody (1:2,000, ab28947; Abcam, Inc.), GST antibody (1:2,000, ab19256; Abcam, Inc.) and GAPDH antibody (1:2,000, ab9485; Abcam, Inc.) were incubated at room temperature for 2 h and overnight at 4°C. The membrane was washed with Tris-Buffered Saline and Tween 20 (TBST) (pH 7.4) for three times, and added with horseradish peroxidase-labeled sheep anti-mouse IgG (1:2,000; Amersham Pharmacia Biotech, Buckinghamshire, UK) for incubation at room temperature for 1 h. Following the development by Western blotting chemiluminescence reagent, photos were scanned and gray-level image was analyzed. The expression of relative protein was calculated as: the gray level of target protein/the gray level of reference protein. The results were calculated three times.
Model establishment of nude mice and index detection
A total of 40 BALB/c male nude mice (3-4 weeks, and 14-18 g) raised by specific pathogen-free (SPF) laboratory and provided by the Mode Animal Centre of Nanjing University (Jiangsu, China) were recruited for our experiment. Daily activities of the nude mice such as eating and drinking were observed. HSC-4 cells in the logarithmic growth phase were selected and digested to make a single cell suspension with a density of 3×10 6 /mL. A total of 1×10 6 tumor cells were subcutaneously injected through the back of the nude mice. Two weeks after tumor formation, the selected nude mice were randomly assigned into the untreated group, the Nrf2 siRNA group, the RT group and the RT + Nrf2 siRNA group, with 10 nude mice in each group. The nude mice in the Nrf2 siRNA group and the RT + Nrf2 siRNA groups were injected intravenously with 20 μL nucleic acid in solution containing 30 nM of Nrf2 siRNA to the solid tumor, while the untreated group and the RT group were injected with the same volume of normal saline. Approximately 48 h after injection, the RT group and the RT + Nrf2 siRNA group received RT, with radiation dose of 6 Gy. After 10 days of continuous irradiation, the nude mice were sacrificed for the experimental study. The growth inhibition rate was calculated as follows: (1 − tumor weight of the RT group or the RT + Nrf2 siRNA group/tumor weight of the untreated group) ×100%.
statistical analysis
All data were analyzed by SPSS 20.0 software (SPSS, Inc., Chicago, IL, USA). Count data were expressed as case and percentage, and comparisons were performed using chi-square test. Measurement data were expressed as mean ± standard deviation, and the comparisons between two groups were performed using unpaired t-test, while the comparisons among three or more groups were conducted using one-way analysis of variance (ANOVA). Bilateral P,0.05 was considered as statistically significant.
Results
comparisons of baseline characteristics between the sensitive and tolerance groups
Among the 117 patients with HNSCC, there were 48 cases (mean age: 49.24±11.93 years) in the sensitive group and 69 cases (mean age: 50.18±7.21 years) in the tolerance group. No significant difference was found regarding the age between the two groups (P0.05). The mean weights of patients in the tolerance group and in the sensitive group Figure 2B and C).
comparisons of cell viability in hsc-4 and hsc-4-rr cell lines after transfection in each group
As shown in Figure 3 
1814
Wang et al Figure 1 (A) comparison between the expressions of nrf2, hO1, nQO1 and gsT in hnscc tissues detected by ihc: a, nrf2 expression in the sensitive group; b, hO1 expression in the sensitive group; c, nQO1 expression in the sensitive group; d, gsT expression in the sensitive group; e, nrf2 expression in the tolerance group; f, hO1 expression in the tolerance group; g, nQO1 expression in the tolerance group; h, gsT expression in the tolerance group. (B) Quantization map of ihc. *P,0.05 compared with the sensitive group. Abbreviations: gsT, glutathione S-transferase; hnscc, head and neck squamous cell carcinoma; hO1, heme oxygenase-1; ihc, immunohistochemistry; nQO1, naDPh quinine oxidoreductase 1; nrf2, nuclear factor erythroid 2-related factor 2.
successful construction of hnscc nude mice models
After the injection of tumor cells, the rate of tumor formation in nude mice was 100%. As shown in Figure 5A and B, no obvious difference in the tumor volume was found between the Nrf2 siRNA group and the untreated group (P0.05). While the tumor volume in the RT and RT + Nrf2 siRNA groups evidently decreased (both P,0.05), the RT + Nrf2 siRNA group had smaller tumor volume compared with that of the RT group (P,0.05). The results suggested that RT could inhibit tumor growth, and nude mice were more radiation sensitive after transfected with Nrf2 siRNA. Tumor weight ( Figure 5C ) of nude mice in the untreated group was the heaviest among the four groups, and no noticeable difference was observed between the untreated and Nrf2 siRNA groups (P0.05). The tumor weight of nude mice in the RT and RT + Nrf2 siRNA groups decreased significantly, and the tumor weights of nude mice in the RT + Nrf2 siRNA group reduced evidently compared with those in the RT group (all P,0.05). Tumor growth inhibition rate was calculated based on the tumor weight of nude mice. Compared with the nude mice in the RT group, tumor growth inhibition of nude mice in the RT + Nrf2 siRNA group was more obvious (84.57% vs 68.91%, P,0.05; Figure 5D ).
Discussion
In our in vivo and in vitro study, we investigated the relationship and possible mechanism between the Nrf2 signaling pathway and the radiation tolerance of patients with HNSCC. Finally, we concluded that downregulation of the downstream antioxidant genes HO1, NQO1 and GST via inhibiting Nrf2 signaling pathway reduces the radiation tolerance of patients with HNSCC.
HNSCC, an immunosuppressive malignancy with high morbidity, is the sixth most common cancer worldwide. 20, 21 Recent studies demonstrate that despite advances in surgery, chemotherapy, radiotherapy and combinations of treatment modalities, the long-term survival rate of patients with HNSCC has remained at 50% for the past 30 years. 22, 23 Genomic and proteomic studies tried to provide insight into the molecular drivers of HNSCC, which may help us design targeted therapeutic agents for it. 24 In our study, we first investigated the expressions of Nrf2 signaling pathway-related proteins between the sensitive and tolerance groups; the results showed that compared with patients in the sensitive group, patients in the tolerance group had elevated Nrf2, HO1, NQO1 and GST expressions. A previous study demonstrated that dihydroquercetin (DHQ) induced the downregulation of HO1 and NQO1 expressions through Nrf2 signaling pathway. 25 RT affects cell viability and changes the cell cycle by damaging the DNA, which is the most important cause for cell apoptosis. 26, 27 The mechanism of radiation tolerance in human tumors is mainly related to the repair of damaged DNA, cell cycle regulation, cell apoptosis, proliferation and other genes and transduction pathway; cancer stem cells can promote the tolerance of cancer cells to radiotherapy by activating the DNA damage response system of the cell itself. 28 Nrf2 is proved to strongly influence intrinsic resistance to oxidative stress as well as control submit your manuscript | www.dovepress.com
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Wang et al adaptive responses to various environmental stressors. 29 Previous evidence also showed that Nrf2 expression was evaluated in HNSCC, and Nrf2 expression may be a possible HNSCC candidate biomarker. 17 Upregulation of Nrf2 leads to Keap1 loss that contributes to lung squamous cell carcinomas (LSCC), 30 and Nrf2 activity has also been indicated to confer RT in LSCC. 31 Induced by multiple kinds of oxidative agents, HO1 is a stress-responsive enzyme that plays an oncogenic role in cancerous or transformed human cells and elevated HO1 expression was detected in malignant tumors, including gastric cancer and breast cancer. 32, 33 Nrf2 as well as its induction by sulforaphane is vital for the expression of NQO1. 34 It was also reported that NQO1 expression is closely correlated with the progression and prognosis of patients with HNSCC, and high expression of NQO1 may be used as an important indicator for poor prognosis of patients with HNSCC. 35 GSTs were also reported to play a crucial role in detoxifying carcinogenic metabolites, and they can also catalyze the connection of glutathione into many kinds of organic compounds, such as carcinogens and oxidative stress, to form water-soluble products. 36 A study conducted by Zafereo et al 37 also demonstrated that GSTs have been reported to confer increased risk for HNSCC. Consistent with our study, Shibata et al 38 investigated the role of Nrf2 
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Meanwhile, after the construction of HSC-4-RR, we also found that in comparison with the wild-type HSC-4 cell line, HSC-4-RR cell line had higher protein and mRNA expressions of Nrf2, HO1, NQO1 and GST. Furthermore, our study also provides evidence that HSC-4-RR cell line had improved viability after radiation compared with the wildtype HSC-4 cell line. Genotoxic agents generated either in the environment or intracellularly, such as ultraviolet (UV) light, ionizing radiation and reactive oxygen species, continuously damage DNA. 39 A growing body of evidence suggests that dysregulation of DNA repair genes affects the response of cells to DNA-damaging anticancer treatment and upregulation of DNA damage response, as well as repair genes can cause cancer development by the increasing cancer cells, and also resulting in the increasing resistance to chemotherapy and radiotherapy. 40, 41 We found that while the HSC-4-RR-NC and HSC-4-RR-blank groups had upregulated cell viability compared with that of the HSC-4-NC and HSC-4-blank groups, the HSC-4-NC and HSC-4-blank groups had higher cell viability than the HSC-4-Nrf2 siRNA group (P,0.05), which showed that transfection with Nrf2 siRNA enhanced the sensitivity of HSC-4 cells to radiation. At the same time, our results also found that the HSC-4-RR-Nrf2 siRNA group had downregulated cell viability compared with the HSC-4-RR-NC and HSC-4-RR-blank groups and that the HSC-4-RR-Nrf2 siRNA group had elevated cell viability than the HSC-4-Nrf2 siRNA group (P,0.05), which indicated that after transfection with Nrf2 siRNA, HSC-4-RR cells recovered its sensitivity to radiation. Moreover, the current study also demonstrated that after transfected with Nrf2 siRNA, the protein and mRNA expressions of Nrf2, HO1, NQO1 and GST and cell viability of HSC-4-RR-Nrf2 siRNA was lower than that of the HSC-4-RR-NC group but higher than that of the HSC-4-Nrf2 siRNA. Nrf2 is a receptor of electrophiles and adapter for Cul3 ubiquitin ligase, which is also negatively regulated by specific suppressor protein Keap1. 42 Previous study clarifies that Nrf2 is often in high expression in tumor and tumor cells seem to be able to hijack Nrf2 signaling pathway and enhance their ability to antioxidant stress, thereby increasing the tolerance of radiotherapy and chemotherapy. 43 RNA interference is described as a response to double-stranded RNA leading to sequence-specific posttranscriptional gene silencing, and siRNA is incorporated into a nuclease complex called RNA-induced silencing complex 
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(RISC) that targets and cleaves mRNA complementary to the siRNA and thus lowers its expression. 44, 45 Hence, after transfected with Nrf2 siRNA, the protein and mRNA expressions of Nrf2, HO1, NQO1 and GST and cell viability of HSC-4-RR-Nrf2 siRNA were decreased.
In our nude mice models, the tumor volume and tumor weight in the RT and RT + Nrf2 siRNA groups decreased evidently and the RT + Nrf2 siRNA group had smaller tumor volume than the RT group (P,0.05). Tumor growth inhibition of nude mice in the RT + Nrf2 siRNA group was more obvious compared with nude mice in the RT group (84.57% vs 68.91%, P,0.05). These results confirmed our previous presumptions that RT could inhibit tumor growth, and nude mice were more sensitive to radiation after transfected with Nrf2 siRNA.
Conclusion
It is currently established that downregulation of HO1, NQO1 and GST via inhibiting Nrf2 signaling pathway can reduce the radiation tolerance of patients with HNSCC. However, due to the different functions of Nrf2 in tumors at different periods, the development of Nrf2 signaling pathway for the treatment of patients with HNSCC requires more in-depth study.
